Eliminating the effect of acoustic noise on cantilever spring constant
  calibration by Mascaro, Aaron et al.
Eliminating the effect of acoustic noise on cantilever spring
constant calibration
Aaron Mascaro,∗ Yoichi Miyahara, Omur E. Dagdeviren, and Peter Gru¨tter
Department of Physics, McGill University,
3600 rue University, Montreal, Que´bec H3A2T8, Canada
Abstract
A common use for atomic force microscopy is to quantify local forces through tip-sample inter-
actions between the probe tip and a sample surface. The accuracy of these measurements depends
on the accuracy to which the cantilever spring constant is known. Recent work has demonstrated
that the measured spring constant of a cantilever can vary up to a factor of two, even for the exact
same cantilever measured by different users on different microscopes. Here we demonstrate that a
standard method for calibrating the spring constant (using the oscillations due to thermal energy)
is susceptible to ambient noise, which can alter the result significantly. We demonstrate a new
step-by-step method to measure the spring constant by actively driving the cantilever to measure
the resonance frequency and quality factor, giving results that are unaffected by acoustic noise.
Our method can be performed rapidly on any atomic force microscope without any expensive
additional hardware.
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The atomic force microscope (AFM) has become an invaluable tool across many areas of
materials science research due to its ability to probe structural and electrical properties of
materials with extremely high spatial resolution. Modern AFMs rely on a micro-fabricated
sharp probe tip protruding from the end of a cantilever beam to sense exceptionally small
forces [1–5]. In many experiments the interaction force itself is to be measured, which is
generally done by measuring the change in the mechanical status of the cantilever (static
deflection, oscillation amplitude, or change in resonance frequency) as it interacts with the
surface [4, 6–9].
Independent of the operation mode of the AFM, the spring constant of the cantilever
needs to be known to convert the measured cantilever response to units of force, which can
then be used to quantify the tip-sample interaction strength [3, 10–12]. There are several
methods currently used to quantify spring constants including the method of Cleveland et
al. [13] where the cantilever’s resonance frequency (ω0) is measured before and after adding
known masses to the end of the cantilever, and Sader’s method [14], which requires knowl-
edge of the cantilever’s resonance frequency (ω0), quality factor (Q), plan-view dimensions
(length L and width b), and the viscous medium the cantilever resides in (typically air). Due
to its non-invasive nature, Sader’s method has been widely adopted across commercial AFM
systems for cantilever spring constant calibration. A common implementation of Sader’s
method is to measure the power spectral density (PSD) of the cantilever’s deflection to
observe the thermal oscillations, which can then be used to extract both the quality factor
and resonance frequency, although Sader’s method is fundamentally agnostic as to how the
quality factor and resonance frequency are actually measured. Sader et al. have recently
shown that the variation on these parameters obtained by fitting the measured thermal PSD
can lead to differences of up to a factor of 2 in the spring constant obtained using Sader’s
method by different users on different microscopes even for the exact same cantilever [15, 16].
This technique assumes that thermal fluctuations are the sole driving force acting on the
cantilever, which results in spectrally white multiplicative noise [17]. This may be true in
many cases, however, we demonstrate that additional noise sources such as ambient acoustic
noise can cause the overall driving force to deviate from white Gaussian noise, which can
alter the values obtained by fitting the measured PSD to that of a damped driven harmonic
oscillator driven by Brownian noise. Furthermore, we demonstrate that by actively driving
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the cantilever we can obtain reliable measurements of the resonance frequency and quality
factor that are impervious to increased ambient acoustic noise levels.
Figures 1(a) and 1(c) show typical frequency spectra of the thermal oscillation peaks
of two different cantilevers (Type 1: OPUS 4XC-NN-A, and Type 2: OPUS 4XC-NN-
B) obtained by recording the AFM deflection signal at a sample rate of 2.5MHz for 2.5s,
taking a fast-fourier transform (FFT), and then averaging 50 times (as per the recommended
procedure of Sader et. al [18]). Modelling the cantilevers as damped driven harmonic
oscillators, the frequency spectra of the oscillation peaks are given by:
F (ω, α¯) =
α1/ω
2
0
(1− (ω/ω0)2)2 + (ω/ω0Q)2 + α2 (1)
where F (ω, α¯) is the power spectral density (PSD) (in V2/Hz or m2/Hz), α1 is the ampli-
tude, and α2 is the baseline noise level. A least-squares fit to the logarithm of Equation 1 is
shown as the solid black line in each panel of Figure 1 [19], where the window sizes are large
compared to the spectral width of the lorentzians (corresponding to a normalized window
size of β ≈17 as defined by Sader et al. [20]), which results in small uncertainties on the fit
parameters.
To study the effect of ambient noise on the measurements, a speaker (Motorola J03 type)
was connected to the output of a function generator (Agilent 33220a) outputting white noise
with a bandwidth of 9MHz and placed near the AFM. The frequency spectra for Cantilevers
Type 1 - A and Type 2 - A with ambient acoustic noise are shown in Figures 1(b) and 1(d).
To preclude effects of slowly changing extrinsic variables that could affect the measurements,
the quiet and noisy measurements were done in an alternating fashion.
Equation 1 was used to determine the quality factor, resonance frequency, baseline noise
level, and amplitude of four different cantilevers, two of Type 1 with resonance frequencies
in the audio range (∼20kHz), and two of Type 2 with resonance frequencies well into the
ultrasonic range (∼80kHz). These results are shown in Figures 2(b)-(c) where the error bars
are the standard deviation of the mean for 5 independent measurements of each cantilever.
The ‘noisy’ data (red data points in 2) are values obtained from fitting the frequency spectra
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FIG. 1: Measured PSD around the cantilever resonance for Cantilever Type 1 - A: (a)
without acoustic noise and (b) with ambient acoustic noise; and Cantilever Type 2 - A:
(c) without acoustic noise and (d) with ambient acoustic noise. Coloured data are the
average of 5 independent measurements of 50 spectra averaged together, while the grey
data shows one such measurement of 50 spectra averaged. Black lines are the fits to the
logarithm of Equation 1 [19].
with ambient acoustic noise as described.
The spring constant for a rectangular cantilever can be directly calculated by:
kn = 0.1906ρb
2LQ Γi(ω0)ω
2
0 (2)
where the prefactor (0.1906) comes from the normalized effective mass and Γi is the
imaginary component of the hydrodynamic function [14]. The spring constants for all four
cantilevers were calculated using Equation 2 and are shown in Figure 2(a).
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FIG. 2: (a) Spring constants obtained from Equation 2. (b) quality factors, (c) resonance
frequencies (ω0/2pi), (d) baseline noise levels (α2) and (e) peak amplitudes (α1) obtained
from fitting the ‘thermal’ oscillation PSD measurements of 4 different cantilevers with
(red) and without (blue) ambient acoustic noise to Equation 1. Results for the
driven-calibration method described in the text are shown in green. Error bars are the
uncertainty on the mean from 5 measurements on each cantilever.
Another method of measuring the resonance frequency is to drive the cantilever using a
sine wave and sweeping its frequency. This can be done using a piezo-acoustic drive, which
is susceptible to the non-flat transfer function of the system [21]. Since the quality factor is
equal to f0/FWHM (where f0 is the resonance frequency in Hz and FWHM is the full width
at half-max of the resonance peak) and typical quality factors are ∼200 for the ∼80kHz
cantilevers used in this experiment, the frequency span required to measure Q from a driven
spectrum would be at least 1kHz. Thus, determing Q from a driven cantilever response
by fitting the peak would be highly susceptible to transfer function irregularities and/or
spurious resonances within this ∼1kHz range. We can, however, measure the resonance
frequency of the cantilever very accurately by sweeping over a small frequency window and
fitting the response to Equation 1 as the transfer function should have a minimal impact as
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long as the frequency span is small enough. Multiple measurements on Cantilever Type 2 - A
are shown in Figure 3(a) along with their fitted curves (black lines). The inset shows the
accuracy of the fits, each measurement is within 2Hz of the mean and the uncertainty on
the mean is under 1Hz. The measurement is unaffected by adding acoustic noise (i.e. the
results with and without noise are the same).
To measure the quality factor using a driven technique we can simply record the ringdown
time since the quality factor of a damped harmonic oscillator is defined as the oscillator’s
stored energy divided by the energy lost per oscillation cycle (times 2pi). This was performed
by driving the cantilevers at the resonance frequency previously measured and suddenly
turning off the driving force. By directly recording the AFM deflection signal we can observe
the oscillation amplitude decreasing, as shown in Figure 3(b). The peak values can be easily
extracted using a simple peak-finding algorithm, and they decrease exponentially over time,
given by:
y = Ae−t/τ (3)
where τ is the decay time constant and A is the exponential prefactor. The quality factor
is related to the decay time constant by:
Q = τf0pi (4)
In fitting the peak amplitudes to Equation 3, one has to be aware of the effect of the
non-zero noise floor of the measurement device. This becomes apparent when plotted on
a log-log scale: as the peak values approach the noise floor they begin to deviate from the
expected straight-line behaviour, as shown by the red data points in Figure 3(c). This can
easily be corrected for by simply measuring the noise-floor, which we define as the peak-to-
peak noise on the deflection signal with the drive turned off, and then only including peak
values greater than this value in the fit. These are shown in blue in Figure 3(c), while the
red data points were not included in the fit.
The results for each cantilever from the sweep and ringdown measurements are shown in
green in Figure 2. The same values were obtained with and without ambient acoustic noise.
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FIG. 3: (a) Driven response amplitude (RMS) of Cantilever Type 1 - A across the
resonance frequency showing curves fitted to Equation 1. Inset shows a closeup where the
red vertical lines mark the resonance frequency obtained from each fitted curve. (b) AFM
deflection signal directly after turning off the driving force (at t=0) along with the fit to
Equation 3 for multiple measurements on cantilever Type 1 - A. (c) Driven response
amplitude (RMS) of cantilever Type 1 - A across the resonance frequency showing curves
fitted to 1. Inset shows a closeup where the red vertical lines markt the resonance
frequency obtained from each fitted curve.
Although we used the ringdown method for quality factor measurements, there exist
other driven techniques to extract the quality factor as well, including by taking the deriva-
tive of the measured phase vs. frequency data. This quantity is related to the quality factor
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by dφ
dω
|ω=ω0 = 2Q/ω0 where φ is the oscillator phase with respect to the drive signal [22].
The main drawback of this technique is the numerical derivative that must be computed,
which is widely known to greatly amplify noise present in the data. This technique there-
fore requires significant averaging in order to obtain reliable results, and in addition it is
also susceptible to transfer function irregularities as with any measurement where the drive
frequency is swept. The ringdown technique, on the other hand, requires excitation at a
single frequency and is thus impervious to effects related to the mechanical transfer function.
As can be observed in Figure 1, ambient acoustic noise can affect the measured PSD.
This is immediately apparent in the case of the audio-frequency range cantilever Type 1- A
(Figures 1(a) and (b)), while the spectrum for the ultrasonic frequency-range cantilever
Type 2 - A is visually indistinguishable with and without ambient acoustic noise (Figures
1(c) and (d)). As shown in Figure 2(a), the spring constant obtained from fitting the thermal
PSD may be systematically overestimated by 10% in some cases (Type 1 Cantilevers), while
in others it may be underestimated (Type 2 - A), and in the best case there is no observed
difference (Type 2 - B). Using the driven techniques we described, however, yeilded spring
constants consistent with those obtained from the quiet thermal spectrum measurements
and were unaffected by acoustic noise.
The Type 2 cantilevers have both larger spring constants and resonance frequencies in
the ultrasonic range. The acoustic noise generated by the speaker does extend well into the
ultrasound, however atmospheric attenuation at higher frequencies is known to be severe
[23]. Thus, as expected, the stiffer, higher frequency cantilevers are less affected by ambi-
ent acoustic noise, but not impervious to it. To understand why the fit results differ for
Cantilever Type 2 - A even though there are no clear visual differences in the data, it is
instructive to look at the variance of the residuals (R) since the residuals are proportional
to the logarithm of the noise. Taking Var[10R] where R = log10[y]− log10[F (ω, α¯)] (i.e. the
logarithm of the data minus the logarithm of the fit function, Equation 1, which gives a
unitless quantity) we can compare how ‘noisy’ the residuals are. For Cantilever Type 1 - A
the variances are: 3.0± 0.3× 10−2 for the quiet data and 5.8± 0.4× 10−2 for the noisy data,
while for Cantilever Type 2 - A the variances are: 2.06± 0.04× 10−2 for the quiet data and
2.42 ± 0.04 × 10−2 for the noisy data. In both cases the residuals are significantly noisier
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when the acoustic noise is on.
This discrepancy is fundamentally due to the fact that the observed spectrum is not
always thermally limited; there can be contributions from various sources of detection noise
(e.g. optical shot noise), electronic noise, and mechanical vibrations (e.g. acoustic noise from
vacuum pumps). The former have been investigated comprehensively for optical beam de-
flection systems such as the one used here [24–28], while the effect of mechanical vibrations
on the thermal oscillations of tuning forks have been discussed in brief [29]. Since the energy
of the thermal oscillations is so small, even a small amount of mechanical noise (acoustic or
otherwise) can have a non-negligible effect and lead to deviations from a spectrally white
driving force. This is evident in the residuals plotted in Figure 1(b). The deviation from a
Lorentzian is due to the acoustic energy being converted into mechanical oscillations of the
cantilever around the cantilever’s resonance frequency. Note that the mechanical transfer
function of an AFM system is not flat in frequency due to many unavoidable non-linear
mechanical couplings existing between the different microscope components. It is these
couplings that lead to frequency dependent phase shifts described and measured in Ref.
[21]. The exact mechanism by which acoustic noise presents in the cantilever deflection PSD
is expected to be highly dependent on the geometry of the microscope and the noise source
itself. By actively driving the cantilevers, however, the energy of the mechanical oscillations
can be increased well above the noise floor making them insensitive to ambient acoustic noise.
As we have shown, ambient acoustic noise can introduce systematic errors into thermal
measurements of cantilever quality factors, which can propagate to errors in calculate spring
constants. This effect is especially pronounced for cantilevers with resonance frequencies in
the audio range (<20kHz), but can also be present for cantilevers with resonance frequencies
well above this. By actively driving the cantilever to measure the resonance frequency and
quality factor, the effect of acoustic noise can be mitigated. The quality factor can reliably
be measured by recording the ringdown directly and fitting this to a decaying exponential.
The fit should be done such that only data above the noise floor is included. This proce-
dure results in highly reproducible measurements that can be used to calculate the spring
constant of a cantilever using standard techniques and precludes systematic errors due to
ambient acoustic noise, which may contribute to observed differences in cantilever spring
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constants obtained on different atomic force microscopes and/or by different users.
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